Abstract-Plug-in hybrid electric vehicles (PHEVs
INTRODUCTION
Plug-in hybrid electric vehicles (PHEVs) in the U.S. are being promoted as an alternative to the current petroleum-powered internal combustion engine whose usage results in problems such as health incidents, reliance on foreign sources of oil, and the emission of greenhouse gases. In particular, the U.S. government is currently providing tax credits for purchasers of PHEVs. This policy is "region-neutral" in that consumers in any region of the country may take advantage of these credits. However, PHEVS may achieve greater market penetration and provide larger social benefits if policies were targeted at "high-benefit regions" instead of provided uniformly throughout the nation as a whole [1] . This paper evaluates the potential of providing region-specific incentives for PHEV deployment by seeking to understand how the societal benefits resulting from the deployment of PHEVs varies geographically across the US. Regions (counties) of the US are ranked according to a set of metrics that act as proxies for various societal benefits to determine which county will derive the greatest benefit from the deployment of PHEVs. The result of this analysis will guide policymakers in targeting policies and incentives towards the areas that offer the greatest benefits from PHEVs.
POTENTIAL BENEFITS OF PHEVS
Light-duty vehicles (LDVs) account for 60% of transportation greenhouse gas (GHG) emissions and 17% of total US GHG emissions [4] . Petroleum fuels 97% of the transportation sector and this sector saw the fastest growth of any in CO 2 emissions over the past decade. Slowing this growth in emissions necessitates action to make vehicles far less polluting.
PHEVs charged from the electric grid displace GHGs from the vehicle engine to the grid. If PHEVs charge from generating plants that have an expected portfolio of energy sources, including coal, there is the potential to reduce emissions by 25% in the short term and over 50% in the long term compared to conventional hybrid vehicles; however, this is conditional upon the carbon intensity of future electricity generation portfolios and the efficiency of the vehicles being replaced [4, 5] .
PHEV usage also results in reduced emissions of air pollutants and improved local air quality compared to conventional internal combustion engines [1] .
Utilization of PHEVs has the potential to reduce ozone, particulate matter concentrations (except in areas near polluting power plants), and volatile organic compounds and nitrogen oxides (reductions of both result in less secondary particulate matter) [6] . Human exposure to sufficiently high levels of these pollutants may result in increased rates of health incidences such as hospitalizations and deaths due to respiratory ailments. The effect on incidence rate due to a decrease in a unit of emissions is a function of overall pollutant levels and the size of the population and population exposed to the pollutant [1] .
Displacing conventional vehicles with PHEVs also results in a reduction of petroleum use. The transportation sector accounts for 70% of petroleum consumption, and the US imports approximately 66% of its petroleum consumption [7] . As a result of this dependency on imported oil, the US has a growing trade deficit, is in relations with politically unstable nations, and is competing with many emerging oilconsuming countries in the search for new resources [8] . Furthermore, the US is confronted with the risk of economic fallout that would occur if the petroleum supplying nations, especially OPEC, significantly decreased or halted exports. This dramatic fall in oil supply would considerably increase oil prices and disrupt economic activity throughout the US [9] . Since the US imports the majority of its petroleum, reduced consumption would result in increased energy security; this benefit would be shared nationally [1] .
THE SCIENCE, TECHNOLOGY, AND POLICY ISSUE
Accelerating PHEV adoption is at the intersection of technology, business, the economy, the environment, and government. Mass commercialization is contingent upon advances in technology, especially in battery storage of power. Furthermore, many households do not have the infrastructure necessary to charge these vehicles and will incur costs in installing or upgrading electrical outlets [13] .
Fostering a climate conducive to the adoption of a new generation of vehicle requires the proper combination of market and policy conditions. The government's role entails protecting the health of its populace and the environment, since the marketplace is not wholly incentivized to do this. As PHEVs could play a role in reducing GHGs, government actions to curtail these emissions would effectively promote sales of PHEVs.
Government may also seek to achieve energy independence and reduce the trade deficit resulting from importing petroleum, increasing national security, counteracting the effects of the credit crunch/financial crisis on investment monies to develop/deploy new technologies, and stimulating the economy by creating jobs and laying infrastructure to reduce business' costs.
The American Recovery and Reinvestment Act of 2009 (ARRA) modified the tax credit for qualified PHEVs such that the minimum credit for a vehicle purchase is $2500 and increases to a maximum of $7500 with increasing battery capacity [15] . Regardless of where social benefits occur, the magnitude of total social benefits is a function of where the PHEVs are used [1] . The regional factors that impact the magnitude of PHEV benefits include:
1. the efficiency, emissions, and accessibility of the of the electricity used for PHEV charging 2. the location and amount of vehicle miles traveled (VMT) As these factors are sufficiently heterogeneous across the country, targeting PHEV subsidies to consumers in locations where they are most favorable can significantly increase social benefits for the entire nation [1] while using public monies in a more efficient manner.
METHODOLOGY
To understand how the societal benefits resulting from consumer adoption of PHEVs can be enhanced, this paper scores the nation's counties based on: population density, VMT per capita, CO 2 emitted per unit power generated, and health incidents reduced due to reduced ground level ozone emissions. Data was consistently available for the lower 48 states, so counties from Alaska and Hawaii were not considered.
Metrics
The greater the population density, the higher the number of people that can utilize centrally-located PHEV infrastructure like charging, service and repair stations. Furthermore, higher population densities will enhance system effects in accelerating PHEV adoption rates. Network effects play an important role in seeding self-sustaining PHEV markets and maximizing market penetration rates [16] . However, in the highest density areas, personal vehicle transportation may not be practical (i.e. Manhattan). County data for the population density is calculated by dividing the county's total estimated population in 2008 by its land area; this data is obtained from the US Census Bureau (http://www.census.gov/popest/gallery/maps/mapscounty2008.xls).
Since the power used to charge PHEVs will be generated by point sources of pollution generally removed from population centers, the use of PHEVs is expected to result in less exposure by a county's population to pollutants that result in respiratory ailments. Replacement of a conventional vehicle with a PHEV charged from the grid will result in population centers having lower exposure to ozone and other pollutants created by the combustion of petroleum [17] . Skerlos and Winebrake [1] point out that emissions reductions in areas of high pollution with a large exposed population would provide the greatest health benefit from PHEV deployment.
Therefore, another metric this paper applies is based on the reduction in health incidents (i.e. hospitalizations, illnesses, or death), due to reductions in pollutant levels. The paper uses a metric that evaluates the health consequences associated with a one part per billion (ppb) reduction in ozone using the Environmental Benefits Mapping and Analysis Program (BenMAPhttp://www.epa.gov/air/benmap/) created by the US Environmental Protection Agency (EPA).
One of the aforementioned benefits of PHEV usage is the displacement of petroleum consumption. However, data quantifying petroleum consumption by county is not readily available, so VMT per capita by county is used as a proxy. Not all miles displace the same quantity of petroleum, i.e. trucks versus cars, etc. However, for the sake of simplicity each vehicle mile traveled will be considered equal. It is desirable for PHEVs to be utilized by people that travel the highest number of vehicle miles to maximize the vehicle's social benefits. Those that travel the most miles consume the most petroleum and if these consumers utilized PHEVs charged from the grid, the greatest reduction in petroleum consumption would occur. As Skerlos and Winebrake [1] note, highly congested regions can be considered high leverage in terms of the nature of its VMT.
VMT per capita is calculated by dividing the vehicle miles traveled in a county in 2006 by the county's population in that year; VMT data is obtained from the Environmental Protection Agency (http://www.epa.gov/pmdesignations/2006standards/f inal/TSD/tsd_J_county_vmt_data.pdf) while the population data will come from Census data. An issue with using vehicle miles travelled is that many vehicle miles occur in counties other than the county where the vehicle is owned. Thus, incentivizing PHEV deployment in counties where the highest VMT are may be ineffective if the vehicles are registered in adjacent counties.
Even though PHEVs are not widely available on US markets, government incentives have been offered at all levels of government from local to national. The highest value of incentives will occur where incentives are offered at multiple levels of government within a county. Since the federal incentive detailed in the ARRA is offered uniformly across the US, the magnitude of incentives will vary across counties based on the availability of state and local incentives.
The Alternative Fuels and Advanced Fuels Vehicle Data Center within the Department of Energy maintains a database of incentives and laws that encourage adoption of these vehicles (http://www.afdc.energy.gov/afdc/laws/matrix/tech). This database was used to determine the total number of policies applied to a county. State-wide polices applied to all counties in that state. City policies applied to all counties within that city's Metropolitan Statistical Area (MSA).
The greatest environmental benefits from PHEV use occur when the vehicles are charged from a grid that is supplied by power that produces the least pollution [4, 5] . The mass of CO 2 emitted per unit power generated (carbon intensity) is a measure of how polluting a county's power generation is. This is calculated by dividing the metric tons of CO 2 emitted by a state's power sector by the megawatt-hours of electricity generated by the state in 2008. This information will be gathered from the Energy Information Administration (EIA) website of the Department of Energy (http://www.eia.doe.gov/cneaf/electricity/epa/epa_spr dshts.html). However, data is only available at the state level, as policies and regulation of power generation is generally developed at the state level. Thus, all counties within a state will have the same CO 2 -intensity even though this may not reflect reality. Furthermore, the variation of carbon intensity of the electricity used to charge a due to the use of different energy sources for providing base-load, loadfollowing, and peak load power is not considered.
Scoring system
When the maximization of the metric measuring the attribute is desirable, the normalized score, n i,j , is based on the difference between the attribute value (a i,j ) for the county j and the maximum attribute value for all counties for attribute i (a i,max ), divided by the difference between a i,max and the minimum attribute value for all counties for attribute i (a i,min ). This is shown as:
Otherwise, if the minimization of the metric is desirable (i.e. carbon intensity of electricity generation), the equation follows the form:
The scoring system includes application of weights (w i ) that rank these attributes against each other and these are then used to calculate a final weighted score for the county. The weights are equal for all of the metrics and the weights of the attributes will sum to one.
The sum of the respective product of weights and normalized scores is the county's final weighted score (s j ).
Counties are then ranked according to these scores to determine those most suitable for PHEV deployment. The drawback of this approach is that in the case of data sets with a large range of values, the normalized value of the highest attribute scores will cause the remaining normalized attribute scores to approach zero. This essentially reduces the weight of this metric relative to the others, and counties that score orders of magnitude better than the other counties in this metric will have a substantially higher final weighted score.
RESULTS
The final weighted scores were then input into ArcGIS to generate country-wide maps.
Figure 1 -Normalized scores
As evidenced in Figure 1 , California counties scored highly due in part to its high potential for health benefits and its policy support of vehicle electrification. New York County ranks highly because its population density is orders of magnitude higher than that of other counties.
IMPLICATIONS AND CONCLUSIONS
The early adopters of PHEVs will likely be very similar to the first consumers of hybrid vehicles, i,e, that they are more likely to have higher levels of education, income, and home ownership. For a more in-depth discussion of HEV early adopters see Heffner, Kurani, & Turrentine [18, 19] Directly related to maximizing the overall potential benefits from PHEV usage is directing the deployment of these vehicles in counties that will result in the greatest potential benefits. To shed light on this question, the research examined whether HEVs are currently deployed in areas where they yield the greatest societal benefits. The areas that score highest in an HEV-specific analysis will be compared to the HEV density across the US. Discrepancies between the research analysis and actual HEV distribution may provide justification for better targeting of subsidies. This HEV distribution also sheds light on where PHEVs will likely be deployed around the US, and may predict discrepancies between where PHEVs are likely to be deployed and where they could be deployed to maximize social benefits.
Ideally, data indicating hybrid vehicle ownership as a fraction of overall vehicle ownership would indicate a county population's proclivity for purchasing these advanced vehicles; unfortunately, HEV ownership data was available but overall vehicle ownership data was not available within budgetary constraints. Hybrid vehicle density per capita was used as a proxy. HEV density (vehicles per 10,000 people) is presented in Figure 2 below.
Figure 2 -Map of HEV density (vehicles/person)
The HEV benefits analysis was conducted similarly to the PHEV benefits analysis except the carbon intensity of electricity metric will be removed since hybrid vehicles run solely on gasoline. The other four metrics (population density, health benefits, VMT per capita, and existence of non-federal policies) will be weighted equally to determine the final county score.
The results are presented in Figure 3 .
Figure 3 -Map of HEV benefits
The differences between Figure 2 and Figure 3 indicate that the counties that have the highest levels of HEV market penetration are not necessarily the counties that offer the greatest benefits from the deployment of these vehicles. To further illustrate this point, Figure 2 was regenerated for just the 300 counties that offer the greatest benefits. Figure 4 illustrates that counties that offer the highest level of benefits from HEV deployment do not have the highest levels of market penetration. While some of the counties in Figure 4 do have high levels of HEV density, many do not.
Figure 4 -HEV density of counties offering highest level of benefits
The five counties that offer the greatest level of societal benefits from PHEV deployment according to the base analysis (uncorrected, normalized scores) are all in California except for New York County (Manhattan). New York County scores highly because of its population density which skews the entire population density metric. The next highest ranked non-Californian county is Kings County (Brooklyn) and is ranked sixtieth in terms of benefits. Californian counties all have a high level of complementary policies to promote PHEV adoption, many of which are managed at the state level, and relatively low carbon intensity. More urban Californian counties score especially highly due to high population density and potentially high levels of reduced health incidents. The Californian counties plus New York County score more highly in terms of benefits than any of the other counties.
The research suggests the level of benefits derived from PHEV usage does vary appreciably from county; thus, a dollar spent in one county may result in a higher quantity of benefits than a dollar spent in another county (depending on the county). Investment in these higher leverage counties should thus be more greatly incentivized than in other counties based on policy goals. PHEV usage results in benefits wherever they are used, so the implication is not to take the current level of incentives and investment and limit to only the counties that score highest in my analysis. However, a more "progressive" subsidy scheme may result in a higher level of benefits. If certain policy goals are to be emphasized, the weights used in calculating the county scores could be manipulated to favor the applicable metric at the expense of the other metrics. For example, if a policy wanted to maximize health benefits, the metric associated with reducing health incidents would be more greatly weighted. Otherwise, PHEVs may be purchased in counties where they may not offer the highest level of benefits.
Extrapolating the HEV results, the counties that offer the highest level of benefits from PHEV usage may not be the same counties where PHEVs are adopted at the highest densities. This indicates the need to realign the current incentive policy if the benefits derived from PHEV usage are to be maximized such that potential consumers in geographic areas that offer the greatest benefits from PHEV usage are more greatly incentivized than other consumers. This tax credit reformulation considering regional heterogeneity could increase the net social benefits of PHEV adoption.
